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Abstract
The measured electromagnetic form factors of Λ hyperon in the time-like region are significantly
deviated from pQCD prediction. We attribute the non-vanishing cross section near threshold to
be the contribution of below-threshold φ(2170) state, supporting its exotic structure. Above the
threshold, we find significant role of a wide vector meson with the mass of around 2.34 GeV, which
would be the same state present in pp¯ annihilation reactions. As a result, we give a satisfactory
description of the behavior of existing data without modifying pQCD expectation.
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I. INTRODUCTION
The electromagnetic form factors (EMFFs) are essential probe of electromagnetic struc-
ture of bound states and can deepen our understanding of perturbative and non-perturbative
quantum chromodynamics (QCD) effects encoded in hadrons. The nucleon EMFFs have
been extensively explored from both experimental and theoretical sides for more than sixty
years (see reviews [1, 2] and references therein). The general behavior of available data [3–6]
in the time-like region tends to be consistent with naive quark counting rules and the pQCD
prediction at large-q2 [7, 8]. It also agrees with the simple extension of the space-like dipole
model to the time-like region and most of the nucleon models, e.g. the constituent quark
model [9, 10]. The pQCD predicted that EFFs of other baryons should follow the same
energy dependence. It was only recently that the EMFFs of the Λ baryon was measured
with good precision [11–14], so this conclusion could be tested for hyperon for the first time.
However, it seems that the data deviate significantly from the parametrization motivated by
pQCD analysis [15]. Besides, a very close-to-threshold enhancement is observed by BESIII
collaboration [13]. It was shown that final state interaction [16] or valence quark Coulomb
enhancement factor [17] are deficient in accounting for it. These anomalous behaviours are
still waiting for a reasonable explanation.
As a matter of fact, new structures beyond the pQCD power-law behavior were seen in the
data of e+e− → pp¯ by BaBar collaboration [3]. It was found that these peaks are possibly
related of to the resonances [18]. The most distinct peak would be the known φ(2170)
with the width of around 80 MeV observed by several experimental groups (see [18–20]
for a summary of data). The higher structure can be fitted well with a broader vector
meson at about 2.43 GeV. Though alternative explanations, e.g. thresholds opening [18]
or large imaginary optical potential in the inelastic rescattering [9, 10], are not completely
excluded, these results give us enlightening insight into the e+e− → ΛΛ¯. In this paper, we
are attempting to investigate the role of vector mesons besides the usual pQCD contribution
in this reaction.
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II. FORMALISM AND RESULTS
Assuming that one photon exchange dominates the production, the Born cross section
of baryon anti-baryon pairs through virtual photon in e+e− annihilation can be written in
terms of the effective form factor Geff(s),
σe+e−→γ∗→BB¯(s) =
4 pi α2 β C
3 s
(
1 +
1
2 τ
)
|Geff(s)|2 , (1)
with τ = s/4m2 and β =
√
1− 1/τ . Here α ≈ 1/137 is the electromagnetic fine-structure
constant, m the baryon mass, and s the square of the center of mass (c.m.) energy. The
Coulomb factor C is accounting for the electromagnetic interaction of the point-like baryon
anti-baryon pairs in the final states [17]. It is relevant to the close-to-threshold enhancement
in pp¯ final states but reads as 1 for the neutral ΛΛ¯ interaction here.
The effective form factor can be generally expressed in terms of electric and magnetic
form factors GE and GM :
|Geff(s)| =
√
2 τ |GM(s)|2 + |GE(s)|2
1 + 2 τ
, (2)
which can be extracted from experimental measurements of σe+e−→γ∗→BB¯(s) by Eq. (1).
Based on the pQCD predictions [7, 8], the |GM | and |GE| in the time-like region can be
parameterized as follows
|GM(s)| = |GE(s)| = AB
τ 2 ln2(s/Λ2QCD)
, (3)
which are the same with the nucleon EFFs. Here ΛQCD = 0.3 GeV is the QCD scale pa-
rameter [9, 10, 18]. The only free parameter AB can be obtained by fitting the experimental
data. The factor ln(s/Λ2QCD) represents the logarithmic corrections from QCD [8], which
enables a good fit to the nucleon EFFs.
The form factor in Eq. (2) is in fact only the non-resonant continuum associating with the
direct γ∗ → BB¯ transition. It does not consider the contribution of intermediate resonant
states, e.g. e+e− → Rn → BB¯. The Fano-type form factor including the interference
between several resonances and one continuum background could be written as [21]
|G′eff(s)|2 = |Geff(s)|2
|∑n qn tan∆n − 1|2
1 + (
∑
n tan∆n)
2
, (4)
with tan∆n = MnΓ
tot
n /(s − M2n) for n-th resonance with mass Mn and total width Γtotn .
Obviously, ∆n is related to the phase shift of BB¯ scattering. Eq. (4) corresponds to Eq. (65)
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in Ref. [21] with a bit alteration here. When only one (n = 1) resonance is present, it reduces
to be an usual form of one resonance and one continuum [22, 23]
|G′eff(s)|2 = |Geff(s)|2
|q + ε|2
1 + ε2
, (5)
with ε = − cot∆ = (−s+M2)/(MΓtot). Eq. (5) is in fact minor modification of Eq. (21) in
Ref. [21]. In the present context, it is natural that the line shapes of one state would not be
the same in different channels, because the continuum would be different in various channels.
It has been demonstrated that this formula describes excellently the asymmetric line shape
of the ψ(3770) state, especially the dip behind the resonant peak in the e+e− → DD¯
and hadrons [22, 23]. One extraordinary merit of the application of Fano-type formula to
baryon EFFs is that we know very well the behaviour of the continuum |Geff(s)| from pQCD
calculation. So the structures present in the data could be attributed to known or unknown
resonances, which could be conveniently added into the analysis by Eq. (4).
The Fano line shape parameter qn characterizes the electromagnetic transition probability
of the resonant state. It can be related to the relative transition amplitudes into the resonant
state TRn versus the continuum Tγ∗ , as clearly indicated by Eq. (22) in Ref. [21]:
pi
2
q2n Γ
n
BB¯ =
| < BB¯|Tγ∗ |e+e− > |2
| < BB¯|TRn|e+e− > |2
, (6)
So the interference phase between two amplitudes is also contained in the parameter qn.
Phenomenological model can be constructed to explicitly calculate these amplitudes, as in
the case of DD¯ reaction [22, 23]. Here the transition into continuum has been calculated
by pQCD, but that into resonant states need the knowledge of the inner structure of the
corresponding states, which is beyond the scope of present paper. As can be seen from
above equation, qn is an energy dependent complex variable in the Fano scheme, but here
we parameterize it as real for simplicity:
qn =
√
Γtot
Γn
BB¯
(s)
q0n , (7)
where Γtot is introduced to make the qn dimensionless and q
0
n is a constant determined by
the data. The qn could be regraded as a constant in the limited energy range, e.g. for
narrow state ψ(3770) in DD¯ reaction [22, 23]. We use the s-wave energy dependent width
for below-threshold vector meson decaying to ΛΛ¯,
ΓΛΛ¯(s) ∝ pcm(s) ∝ β
√
s , (8)
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q01 mass (GeV) width (MeV) q
0
2 AΛ
6.32 ± 2.22 ± 2.95 2.338 ± 0.046 ± 0.030 257± 159 ± 41 −2.53± 0.93 ± 0.35 1.19± 0.46 ± 0.09
TABLE I: The resulted parameters in our fit. The second errors are obtained by varying the mass
and width of φ(2170) resonance by one standard deviation from the PDG values [20].
with pcm =
√
s/4−m2 being the final baryon momentum in the c.m. system. We use
ΓΛΛ¯(s) = const. for the resonances above threshold.
We find that two resonant mesons are needed to describe the available data of e+e− → ΛΛ¯.
One of them is the φ(2170), which is required to explain the close-to-threshold enhancement.
In view of the fact that this state is below the ΛΛ¯ threshold, its line shape is not fully present
in the cross section of e+e− → ΛΛ¯. It is impossible to unambiguously determine its properties
here. We fix its mass and width to be 2.188 ± 0.010 GeV and 83.0 ± 12.0 MeV quoted from
the Particle Data Group (PDG) [20], respectively. Another one is a broad meson with the
mass of around 2.340 GeV (hereafter labeled as X(2340) for simplicity), which is demanded
by the energy dependent behaviour of the cross section above threshold. We let its mass
and width be free parameters. The resulted curves are depicted in Figure 1. It needs to
be pointed out that due to the larger uncertainty, the point marked by green open-circle
from DM2 measurement [11] is not included into the fit. A very good quality of agreement
is achieved with 16 data points and five free parameters, i.e. χ2/d.o.f = 7.7/11 = 0.7. The
obtained numerical parameters are summarized in Table I. Here the second uncertainties are
associated with the mass and width of φ(2170) resonance, which are evaluated by changing
the mass and width by one standard deviation from the PDG values.
As seen in Fig. 1, the EFFs from the pQCD calculation contribute as a smooth back-
ground. The overall normalization factor AΛ is smaller than the Ap ∼ 5.0 for e+e− → pp¯ [5].
The ratio AΛ/Ap is roughly consistent with (mu,d/ms)
2 in the relativized constitute quark
model [24].
We show the curves for total contribution of pQCD and one resonance by turning off
another one by Eq. (4). The φ(2170) influences only the very close-to-threshold region, and
it has a destructive interference with pQCD contribution. The uncertainties of its mass and
width only have small impact on the determination of pQCD contribution, as shown by the
errors of AΛ. From Table I, we know that the q
0
1 for φ(2170) has large uncertainty, reflecting
5
 (GeV)s
2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5
) (
pb
)
ΛΛ
→
- e
+ (e
σ
0
100
200
300
400 pQCD
(2170)φpQCD + 
pQCD + X(2340)
Total
2017BESIII
2018BESIII
BaBar
DM2
FIG. 1: (color online) Our fit to the world data of the cross section of e+e− → ΛΛ¯. The green
open circle, black dot, red triangle and blue rectangle represent the data from the DM2 [11],
BaBar [12] and BESIII [13, 14] collaborations, respectively. The blue dash-dotted curve describes
the pQCD contribution. The red dotted and green dashed curves denote the contributions from
pQCD involved with φ(2170) and X(2340) resonances, respectively. The blue solid line is the total
coherent contribution from pQCD, φ(2170), and X(2340) resonances.
the big error bars of the data at 2.2324± 0.00048 GeV, which is 1.0 MeV above the threshold.
If the error of this energy point can be reduced or there are more precise measurements
at different near-threshold energies in the future, we can obtain more information about
φ(2170) and study its nature through model calculation of its q01 by Eq. (6). The vector
meson with the mass of around 2.340 GeV is broad, with a width of 257 ± 159 MeV. The
large uncertainty is originated from the big error bars of the data in this area. It provides
the correct energy dependency of the cross section over a wide energy range.
Whether these states in e+e− → ΛΛ¯ are related to the structures in e+e− → pp¯ is not
clear at present. The most distinct peak in e+e− → pp¯ is around 2.125 GeV, with a width of
around 90 MeV [18], both compatible with the properties of φ(2170) here. The position of
the second peak is around 2.43 GeV in e+e− → pp¯, which is higher than the second resonance
here, though their widths are roughly close to each other [18]. No obvious structure is present
in the data of e+e− → ΛΛ¯, which is different from the case of e+e− → pp¯. This would be
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the reason that it is not easy to find the role of resonant states in e+e− → ΛΛ¯. Our paper
here point out the complicated interference of pQCD contribution, φ(2170) and X(2340) in
this reaction. Because the Λ hyperon also contains the strange quark, it is probable that
the φ(2170) and X(2340) states are more strongly coupled to ΛΛ¯ than pp¯. Therefore the
resonant contribution shown in Fig. 1 are more clear than those in e+e− → pp¯ obtained in
Fig. 5 and Fig. 6 of Ref. [18]. Also, φ(2170) is above pp¯ threshold but below ΛΛ¯ threshold,
so it distorts the cross sections differently in two reactions. BESIII [25] and Belle-II [26]
collaborations have the chance to clarify these problems by measuring both e+e− → ΛΛ¯ and
e+e− → pp¯ with higher precision and more statistics at more energy points in future.
III. DISCUSSION AND CONCLUSION
In a brief summary, we investigate the role of vector mesons in the e+e− → ΛΛ¯ reaction.
Our results support the argument that the EFFs of Λ hyperon obey the pQCD prediction.
In other words, the deviation of the e+e− → ΛΛ¯ to pQCD calculation is attributed to
the contribution of two resonant mesons. We find that the φ(2170) is responsible for the
close-to-threshold enhancement shown by the data, and another wide meson state with the
mass around 2.34 GeV explains the energy dependency above threshold. If the structures
in e+e− → pp¯ are confirmed by more accurate experiment and really related to the vector
mesons here, we could further determine some of their properties, for example, separating
their coupling to e+e−, ΛΛ¯ and pp¯ by a combined analysis of these reactions.
The nature of φ(2170) state is widely studied in the literature [30–44]. The possible
explanations include the strangeonium hybrid [30, 31], dynamical generated states [32–
37], tetraquark [38–40] or ΛΛ¯ molecular state [41, 42], et al. Our finding that φ(2170)
state is important in the close-to-threshold ΛΛ¯ production would support its nature of ΛΛ¯
molecule. Actually some evidence of ΛΛ¯ threshold enhancement has been also observed in
the J/ψ → γΛΛ¯ decay [45], which is possibly associated with the ΛΛ¯ 1S0 bound state [42].
There are several possible candidates for the higher lying state X(2340). We suggest
that the ω(2290) with a mass of 2.290 ± 0.020 GeV and a width of 275 ± 35 MeV found
in the partial wave analysis of pp¯ → ΛΛ¯ [46] is probably the same state in our fit here.
Their values of mass and width are both highly overlapped with the parameters in Table I
within errors. Furthermore, they both couple strongly to the ΛΛ¯. Among the further light
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unflavored states listed by PDG [20], another two ω states are also possible candidates with
bigger spread of mass and width. They are ω(2330) with a mass of 2.330 ± 0.030 GeV and
a width of 435 ± 75 MeV found in multi-pions production in γp reaction[47], and ω(2205)
with a mass of 2.205 ± 0.030 GeV and a width of 350 ± 90 MeV seen in pp¯ → ωη and
ωpipi [20]. We also would like to point out that the recent data of multi-mesons production
in e+e− annihilation show a state with the mass of around 2.4 GeV and the width of around
100 MeV, with large uncertainties due to the small statistical significance [40]. It would
be the possible partner state of the φ(2170) as suggested in QCD sum rule [40]. Further
study of pp¯ annihilation by PANDA collaboration is definitely welcome in order to drive
a firm conclusion about the vector mesons in this energy range [48]. Moreover, the goal
of BESIII data taking [25] is to accumulate 10 billion J/ψ and 3 billion ψ(3686) events,
thus these vector mesons can also be searched and studied in charmonium decays, such as
J/ψ, ψ(3686)→ ΛΛ¯pi0/η, χcJ → ΛΛ¯γ/φ/ω and so on.
Our formalism and conclusion would give insight into the EMFFs of other baryons, e.g.
Σ [12], Λ(1520) [27] and Λ+c [28, 29] after they are measured with higher precision. The
simple fits in Ref. [18] include the background terms with several effective pole terms below
threshold and Breit-Wigner shapes that correspond to resonant states in order to describe the
cross section. It is inapplicable to the near threshold enhancement in the data of e+e− →
ΛΛ¯. Our formalism can give it a natural explanation, resulting into a satisfactory fit to
e+e− → ΛΛ¯. Furthermore, it is based on more solid theoretical foundation, so it is possible
to relate directly the fitting parameters to the properties of states if a phenomenological
model considering the nature of states is constructed.
Acknowledgments
Useful discussions with Dr. Yu-tie Liang, and Professors Bing-Song Zou, Qiang Zhao,
Yu-Bing Dong, Feng Yuan and Wen-Biao Yan are gratefully acknowledged. This work was
supported by the National Natural Science Foundation of China (Grant Nos. 11405222 and
11505111).
[1] A. Denig and G. Salme, Prog. Part. Nucl. Phys. 68, 113 (2013)
8
[2] S. Pacetti, R. Baldini Ferroli and E. Tomasi-Gustafsson, Phys. Rept. 550-551, 1 (2015).
[3] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 87, no. 9, 092005 (2013)
[4] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 88, no. 7, 072009 (2013)
[5] M. Ablikim et al. [BESIII Collaboration], Phys. Lett. B 735, 101 (2014)
[6] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D 91, no. 11, 112004 (2015)
[7] G. P. Lepage and S. J. Brodsky, Phys. Rev. Lett. 43, 545 (1979) Erratum: [Phys. Rev. Lett.
43, 1625 (1979)].
[8] A. V. Belitsky, X. d. Ji and F. Yuan, Phys. Rev. Lett. 91, 092003 (2003)
[9] A. Bianconi and E. Tomasi-Gustafsson, Phys. Rev. Lett. 114, no. 23, 232301 (2015)
[10] A. Bianconi and E. Tomasi-Gustafsson, Phys. Rev. C 93, no. 3, 035201 (2016)
[11] D. Bisello et al. [DM2 Collaboration], Z. Phys. C 48, 23 (1990).
[12] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 76, 092006 (2007)
[13] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D 97, no. 3, 032013 (2018)
[14] Cui Li for the BESIII Collaboration, ’Observation of spin polarization in e+e− → ΛΛ¯ at
BESIII’, XIIIth International Conference on Beauty, Charm and Hyperon Hadrons, LIP-
Lisbon Laboratory, Peniche, Portugal, 2018-06-18
[15] Y. Yang and Z. Lu, Mod. Phys. Lett. A 33, no. 22, 1850133 (2018)
[16] J. Haidenbauer and U. G. Meißner, Phys. Lett. B 761, 456 (2016)
[17] R. Baldini, S. Pacetti, A. Zallo and A. Zichichi, Eur. Phys. J. A 39, 315 (2009)
[18] I. T. Lorenz, H. W. Hammer and U. G. Meißner, Phys. Rev. D 92, no. 3, 034018 (2015)
[19] M. Ablikim et al. [BESIII Collaboration], arXiv:1709.04323 [hep-ex].
[20] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
[21] U. Fano, Phys. Rev. 124, 1866 (1961).
[22] X. Cao and H. Lenske, arXiv:1410.1375 [nucl-th]; arXiv:1408.5600 [nucl-th].
[23] R. Wang, X. Cao and X. Chen, Phys. Lett. B 747, 321 (2015)
[24] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985). doi:10.1103/PhysRevD.32.189
[25] D. M. Asner et al., Int. J. Mod. Phys. A 24 (2009) S1
[26] T. Abe et al. [Belle-II Collaboration], arXiv:1011.0352 [physics.ins-det].
[27] M. Ablikim et al. [BESIII Collaboration], arXiv:1807.03468 [hep-ex].
[28] G. Pakhlova et al. [Belle Collaboration], Phys. Rev. Lett. 101, 172001 (2008)
[29] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 120, no. 13, 132001 (2018)
9
[30] G. J. Ding and M. L. Yan, Phys. Lett. B 650, 390 (2007)
[31] G. J. Ding and M. L. Yan, Phys. Lett. B 657, 49 (2007)
[32] M. Napsuciale, E. Oset, K. Sasaki and C. A. Vaquera-Araujo, Phys. Rev. D 76, 074012 (2007)
[33] A. Martinez Torres, K. P. Khemchandani, L. S. Geng, M. Napsuciale and E. Oset, Phys. Rev.
D 78, 074031 (2008)
[34] A. Martinez Torres, E. J. Garzon, E. Oset and L. R. Dai, Phys. Rev. D 83, 116002 (2011)
[35] S. Coito, G. Rupp and E. van Beveren, Phys. Rev. D 80, 094011 (2009)
[36] L. Alvarez-Ruso, J. A. Oller and J. M. Alarcon, Phys. Rev. D 80, 054011 (2009)
[37] C. A. Vaquera-Araujo and M. Napsuciale, Phys. Lett. B 681, 434 (2009)
[38] Z. G. Wang, Nucl. Phys. A 791, 106 (2007)
[39] H. X. Chen, X. Liu, A. Hosaka and S. L. Zhu, Phys. Rev. D 78, 034012 (2008)
[40] H. X. Chen, C. P. Shen and S. L. Zhu, Phys. Rev. D 98, no. 1, 014011 (2018)
[41] Y. Dong, A. Faessler, T. Gutsche, Q. L and V. E. Lyubovitskij, Phys. Rev. D 96, no. 7, 074027
(2017)
[42] L. Zhao, N. Li, S. L. Zhu and B. S. Zou, Phys. Rev. D 87, no. 5, 054034 (2013)
[43] X. Wang, Z. F. Sun, D. Y. Chen, X. Liu and T. Matsuki, Phys. Rev. D 85, 074024 (2012)
[44] D. Y. Chen, X. Liu and T. Matsuki, Eur. Phys. J. C 72, 2008 (2012)
[45] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D 86 (2012) 032008
[46] D. V. Bugg, Eur. Phys. J. C 36, 161 (2004)
[47] M. Atkinson et al. [Omega Photon Collaboration], Z. Phys. C 38, 535 (1988).
[48] B. Singh et al. [PANDA Collaboration], Eur. Phys. J. A 52, no. 10, 325 (2016)
10
